With the quantum Zeno dynamics, we present a scheme for realizing a quantum phase gate for two atoms trapped in two separate cavities connected by an optical fiber. Compared with the previous schemes, quantum Zeno dynamics shows different evolution properties in the atom-cavity-fiber system. The scheme needs only one step to perform the gate, which largely reduces the complexity of the experiment. We also numerically simulate the influence of photon leakage and atomic spontaneous emission on the fidelity of the phase gate. The result shows that our scheme is very robust against cavity decay and very promising for realization with current experimental technology.
Introduction
Based on the superposition principle of quantum mechanics, a quantum computer can provide tremendous speed in certain mathematical problems compared to classical ones [1, 2] . It has been shown that the main building blocks of quantum computers are two-qubit logic gates [3] . However, a quantum computer with many qubits is not practical in current experiments. Several proposals have been made to realize quantum communication between atoms trapped in distant optical cavities [4, 5] ; many of them are promising for the implementation of distributed and scalable quantum computation [6, 7] . Due to the need for large-scale quantum computation, distributed quantum computation can be considered as a way to solve this difficulty [8, 9] . Recently, Serafini et al [10] investigated the possibility of realizing a deterministic swap and a conditional z gate between two-level atoms in distant optical cavities coupled by an optical fiber. Many schemes for the quantum phase gate have been proposed [11] [12] [13] [14] [15] . Yin and Li [16] proposed a scheme of multiatom and resonant interaction for deterministically generalizing distributed quantum swap and controlled-z gates. These schemes can be achieved only when the atom-cavity coupling strength is much smaller than the cavity-fiber coupling; this requirement increases the complexity of the experiment. Zheng [17] gave an alternative proposal for virtual-photon-induced phase gates in two separate cavities. In this scheme, the distributed phase gate is achieved without the excitation and transportation of photons, which is insensitive to the decoherence effect. Yang et al [18] focused on the implementation of phase gate within the nulland single-excitation subspaces in virtue of the asymmetric encoding for two atomic qubits. This proposal can function well beyond the limit that the atom-cavity coupling is much smaller than the cavity-fiber coupling. Furthermore, these schemes for achieving the controlled phase gate need more than one step in the experiment; thus the phase gate is realized indirectly. Due to the uncontrolled interaction or decoherence in the experimental implementation of each gate, the losses will increase quickly when the number of operation steps increases.
The quantum Zeno effect, which was first discussed by George Sudarshan and Baidyanath Misra of the University of Texas in 1977 [19] , is an interesting phenomenon in quantum mechanics. However, the Zeno dynamics found by Facchi et al in 2000 is different from the general quantum Zeno effect [20] since the frequent measurements do not necessarily hinder the evolution of the quantum system, but the system can evolve away from the initial state via the measurements [21] . In recent years, several proposals have been presented to implement a quantum logic gate and generate entanglement via quantum Zeno dynamics [22] [23] [24] [25] [26] [27] .
The quantum Zeno effect is not only successful in theory but also has been tested in some experiments such as cavity quantum electrodynamics (QED) [28] and Bose-Einstein condensates [29] . The schemes and experiments above inspire us to construct a theoretical model for deterministically generating a quantum phase gate in a distributed cavity QED system.
In this paper, we propose a promising scheme for a quantum phase gate between two atoms trapped in two linked cavities via quantum Zeno dynamics. A distinct feature of our scheme is that the conditional phase gate is performed only in one step, which becomes easier in experimental implementation than the previous scheme through adiabatic passage [30] . The long-range interaction between two six-level atoms is mediated by vacuum fields of the cavities and fiber, and the whole system evolves in the Zeno subspaces in which the cavity decay is largely suppressed. The present scheme does not require the condition that the cavity-fiber coupling is much larger than the atom-cavity coupling which is very difficult to control in the current experiments, and can be generalized to other systems.
Quantum phase gate via Zeno dynamics
We first review the quantum Zeno dynamics induced by continuous coupling. We focus on a dynamical evolution process which is governed by the Hamiltonian H K = H + K H m , where H is the Hamiltonian of the quantum system to be investigated and H m can be considered as an additional interaction Hamiltonian carrying out the measurement. K is the coupling constant. For a strong coupling limit K → ∞, the subsystem of interest is governed by the evolution operator
which can be shown to have the form [31] 
where P n is the eigenprojection of the H m corresponding to the eigenvalue λ n (H m = n λ n P n ) and U K (t) is the limiting evolution operator that dominates the whole system
and thus the effective Hamiltonian can be written as H eff = n (K λ n P n + P n H P n ), which is an important result in the following discussions.
Let us begin with the interaction among atoms, cavities and fiber. As shown in figure Here, we introduce the rotating wave approximation (RWA) and short fiber limit (2lv)/(2πc) 1, where l is the length of the fiber,v is the decay rate of the cavity fields into a continuum of fiber modes, c is the transport speed of light in vacuum, and only the resonant modes f L and f R of the fiber interact with the cavity modes [10] . Under these conditions, the Hamiltonian of the whole system in the interaction picture can be written as (h = 1)
where
and we define a kL ( f L ) and a kR ( f R ) as the annihilation operators for left-circularly and right-circularly polarized modes in the cavity k (fiber), and g kL (g kR ) is the coupling strength between the atom and the left-circularly (right-circularly) polarized mode in the cavity k, while η L and η R are the coupling strengths of left-circularly and right-circularly polarized cavity modes coupled to the fiber modes f L and f R , respectively. We assume that the coupling constants have the relations that g kL = g kR = g, BL = BR = B , η L = η R = η and the parameters g, B and η are real, and there is only single excitation during the whole system's evolution in all subspaces for simplicity.
In order to explain the principle of quantum phase gate explicitly, we encode qubit 1 in the states | f L A and |g L A , while qubit 2 is encoded in states | f L B and | f R B . We will implement the phase gate by producing π phase shift on the state |g
, while all the field modes finally return to initial vacuum state. We adopt the notation |ab N (a, b =  0, 1, 2, 3, . . ., N = f, A, B) , where a and b represent the photon number in the left-circular and right-circular modes of the cavity A (B) or fiber f .
When the initial state of the system is |g L A | f L B |00 f |00 A |00 B , the time evolution of the whole system will evolve in the subspace
this Hilbert subspace is split into five invariant Zeno subspaces [21] :
with five corresponding eigenvalues λ 1 = 0, λ 2 = g, λ 3 = −g, λ 4 = 2η 2 + g 2 and λ 5 = − 2η 2 + g 2 . Here,
(−|φ 2 − |φ 3 + |φ 5 + |φ 6 ),
(−|φ 2 + |φ 3 − |φ 5 + |φ 6 ),
(g|φ 2 + |φ 3 + 2η|φ 4 + |φ 5 + g|φ 6 ),
corresponding to the projections
Under the above condition, the Hamiltonian of the current system approximately equals
When the initial state is
the whole system will only evolve in the Zeno subspaces p1 with the corresponding eigenvalue λ = 0, and do not interact with other Zeno subspaces due to B g, η. Therefore, in the subspace p1 , the Hamiltonian H tot 'reduces to'
After an interaction time τ , the state of the system becomes
The evolution time is τ = π 2 + g 2 η 2 / B , and the atom-cavity system undergoes a conditional phase shift
f |00 A |00 B , the whole system evolves in the subspace spanned by L 2 = {|φ 1 , |φ 2 , |φ 3 , |φ 4 
Under the condition | B | g, η, the dark state is |D = |φ 1 . Since the initial state is
, the system will always evolve in the Zeno subspace {|φ 1 }, and the Hamiltonian H tot 'reduces to' the effective Hamiltonian
The time evolution of the system in this initial state can be expressed as
Thus,
will not evolve with time, where different polarized cavity modes do not interact with each other.
Numerical analysis and discussions
Let us define the following fidelity as a measure of the reliability of the phase gate for a pure two-qubit atomic state |ψ as the operation [16] 
where the average value of the fidelity F over all states |ψ is considered, U is the transformation operator to obtain the phase gate, (t) is the state of the atoms at an arbitrary time t and can be defined as
, where E il jmkn (t)= A il| B jm| f kn|exp(−iH t)|00 A |00 B |00 f is the Kraus operator for the atomic qubits, and we consider the average value of the fidelity F overall states |ψ . In the above derivation, we assume the Zeno condition | B | g, η, so we should consider the influence of the ratio B /g on the fidelity of the phase gate. In figure 2 we plot the numerical calculations of the fidelity of the phase gate versus different ratios of B /g and η/g. We can see from figure 2 that the fidelity can exceed the value 99.9% for an optional range of parameters and is remarkably stable with respect to possible fluctuations in parameters B and η. It is shown that the fidelity is above even 98% even at B /g = 0.1. However, it can be shown that the smaller B at a determined value η/g means longer operation time in equation (13) . Therefore, in order to get a high fidelity in moderate time, we adopt the ratio B /g = 0.05 and η/g = 1 in the following discussions. In figure 3 we numerically calculate the fidelity of the system evolution as a function of gt and the effective model agrees well with the total Hamiltonian model in the system's evolution. Thus, our quantum phase gate is valid by quantum Zeno dynamics. 
Influences of spontaneous emission and photon leakage
In all the above discussions, we have assumed that the entire system is ideally isolated from the environment and have not considered any dissipation in our system. Now we take into account the loss of a photon in the cavities and atomic spontaneous decay, the master equation of motion for the density matrix ρ(t) of the whole system can be expressed aṡ
where S † i j = |e j ii g j | and S − i j = |g j ii e j |, while γ , β, κ are, respectively, decay rates for the spontaneous emission of the atoms and photon leakage out of the fiber and cavity. We assume that the mean number of thermal photons in both the cavities and fiber is zero for simplicity, and solve the master equation (32) in the whole subspace. In the numerical calculations, we choose the parameters η = g, B = 0.05g and gt = gπ 2 + g 2 η 2 / B ≈ 108 as the appropriate conditions for implementing the high fidelity of the phase gate. In figure 4 , we plot the fidelity of the quantum phase gate versus the dimensionless parameters κ/g, β/g and γ /g. The result shows that the phase gate is almost unaffected when decay rates γ , β and κ are below 10 −3 g, which is more robust than [18] . When κ = 0.01g, the fidelity is still above 98%, while when β = 0.01g, the fidelity can remain at 92%; however, when γ = 0.01g, the fidelity drops below 90%. In the short fiber limit, the β is usually very low [32] . Thus, we can know that the main decoherence source is the spontaneous emission rate γ whose influence on fidelity is much stronger than the decay rate of the cavities and fiber. It confirms our claim that the whole system evolves in the subspace without excitation of the cavity and fiber mode fields. This is due to the fact that the quantum Zeno effect greatly suppresses the excited states' population of the fields. Therefore, our scheme is very robust when decay rates γ , β and κ are below 10 −3 g and may be more suitable for current experimental conditions of a small atomic spontaneous emission rate and large cavity and fiber decay rates.
Experiment feasibility and conclusion
The recent cavity QED technique with Rydberg atoms passing through a superconducting microwave cavity, a quantum phase gate between a cavity mode and an atom, has been demonstrated [33] . The required atomic level configuration can be achieved in 40 Ca + [34] . The Zeeman substates |m j = −1/2, P 1/2 and |m j = 1/2, P 1/2 can act as the states |e L and |e R , respectively, while the substates |m j = −1/2, S 1/2 and |m j = 1/2, S 1/2 can act as the states |g L and |g R , respectively, and the substates |m j = −3/2, D 3/2 and |m j = 3/2, D 3/2 correspond to the states | f L and | f R , respectively. Because all the initial states encoded with the quantum information are in low atomic levels, they will not interact with cavity modes and fiber modes while we do not drive the classical laser on them, and we can obtain a fidelity of the quantum phase gate larger than 98% if we keep the decay rates κ 0.01g and γ 0.001g. In the experiment [32, 34, 35] , the conditions g/2π = 750 MHz, κ/2π = 3.5 MHz (κ/g ≈ 0.005), β = 0.15 MHz (β/g ≈ 0.0002) and γ /2π = 1.7 MHz (γ /g ≈ 0.002) are realizable. Corresponding to these experimental parameters, the fidelity of the phase gate in our scheme is still above 95.5%, which shows that our scheme of the quantum phase gate is a robust and realistic one in theory.
In conclusion, we have proposed a scheme for implementing quantum phase gates for two six-level atoms trapped in two separate cavities connected by an optical fiber, which is based on the quantum Zeno dynamics. Our scheme needs only one step to perform the gates, which largely reduces the complexity of the experiment. The influences of dissipation are greatly suppressed either in the decay of cavity and fiber or in the atomic spontaneous emission. Therefore, our scheme is insensitive to cavity decay and fiber loss, and the fidelity of the phase gate is still high even when the atomic spontaneous emission cannot be negligible. This scheme offers an effective method for realizing distributed quantum communication and computation.
